The spatial and temporal variability of heat, moisture, momentum, and CO2 turbulent fluxes in a coastal environment were assessed using simultaneous eddy correlation measurements from a tower, a boat, and an aircraft platform. The flux measurements were made using new instrument systems, including new CO2 and H20 sensors, low-flow distortion packages, and careful sensor motion correction systems. The flux tower was operated on the windward beach of Florida's Bahia Honda Key, while the boat was stationed upwind between 1 and 15 km offshore. The airplane flew transects 10 to 20 m above the ocean surface, along flight paths extending from the tower to 40 km offshore. Dissolved CO2 in the coastal waters and atmospheric CO2 concentrations were continuously measured throughout the experiment. The results indicate good agreement among the different sensing systems and demonstrate that air-to-sea trace gas, momentum, and energy flux density measurements are achievable from both a boat and an aircraft. [1982, 1986, 1988], and Smith [1988].
INTRODUCTION
Energy and CO2 exchange between the atmosphere and the diverse land surface and vast ocean systems has become a controversial issue important to understanding future climate scenarios. Air-sea exchange, which largely determines the global budgets of many trace gases and energy, has become the basis of a growing list of research initiatives. Development of instrument systems capable of accurately measuring air-sea exchange is critical to the success of these programs [e.g., Lenschow and Hicks, 1989 ]. Accurate landbased air-surface exchange measurement techniques have now become routine and robust. Only recently, with newly available instrumentation and careful application, has it become possible to extend this capability with confidence to open ocean trace gas, momentum, and energy exchanges [Bradley et This paper is not subject to U.S. copyfight. Published in 1993 by the American Geophysical Union.
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The reader is referred to papers by Slinn et al. [1978] , Papadimitrakis et al. [1986] , Wu [1988] , and Asher and Pankow [1991] , and references therein, for a cross section of relevant information. Various models have been developed to describe the exchange; some of the most comprehensive discussions of the water vapor, heat, and momentum cases are by Hicks [1972] , Garratt [1977] , Wu [1982 Wu [ , 1986 Wu [ , 1988 , and Smith [1988] .
It must be emphasized that there is a key difference between air-sea exchange models depending on the nature of the data used to represent the ocean. Some models use bulk ocean data, such as would be obtained from a ship's engine intake several meters below the surface. Others, which limit the complexity of the exchange process by explaining the transfer in the air alone, require surface film conditions such as infrared surface temperature for sensible (H) and latent energy (LE) flux densities. These two approaches lead to substantially different expressions, depending upon what is assumed to be the appropriate controlling quantity representing the ocean. The common factor is the way in which the surface thermal film enters the scenario (see Hasse [1971] , Hicks [1975] , Wesely [1980] , and Coppin et al. [1991] ; and for extension to other quantities, see Deacon [1977] and Liss and Merlivat [1986] ).
Even in the best understood cases for heat, water vapor, and momentum there is still considerable uncertainty in the ocean bulk transfer parameterizations. This may also, in part, help explain the lack of carbon and energy closure in current global budget estimates. In the case of CO2 exchange, these uncertainties are especially severe. Global Coastal regions, the transition between the continents and the open oceans, are physically and biologically complex environments for air-sea exchange measurements in which spatial and temporal variability of exchange rates are expected to be high. Physically, these highly dynamic environments are characterized by large temperature gradients, developing boundary layers, tides, currents, and local land or sea breeze circulations that transport energy between and through the air and the ocean systems. Air-sea turbulent exchange processes are further modulated in space and time by breaking waves, air bubble entrainment, temperaturedependent viscosity, the presence or absence of capillary wavelets, and surface films. Moreover, the shallow, nutrient-rich coastal waters are biologically intensely productive. Within the water column, photosynthesis and respiration couple the production and consumption of oxygen and carbon dioxide. Reefs add additional complexity to the air-sea exchange process by influencing the carbon cycle, waves, currents, and microlayer surface films. Such factors and their interactions make the coastal region a challenging environment for flux measurements and interpretation.
With the physical and chemical processes varying in both space and time, caution must be exercised when interpreting the representativeness of measurements made at a point in a coastal environment. Spatial and temporal variability (as addressed, for example, by Smith and Jones [1986] ) are manifested in the development of a nonuniform concentration field. This leads to horizontal (and sometimes vertical) advective transport, which places doubt on the representativeness of point measurements. Further, if temporal or horizontal transport terms are important, then classical one-dimensional equilibrium theories, both bulk parameterizations and similarity models, do not apply. For experimental convenience, most "ocean" CO2 exchange measurements have been made from shore-based towers [Smith and Jones, 1986; Wesely et al., 1982; Smith et al., 1991] . Although such measured fluxes are correct for a small upwind sea surface region (or "footprint"), considerable uncertainty exists in the representativeness of these measurements [Wesely et al., 1986] . Confidence in observed coastal region point flux measurements could be obtained by measuring horizontal and vertical concentration gradients. Concentration and flux transects from moving platforms are necessary to assess the spatial heterogeneity of air-sea exchange rates of heat, momentum, and CO2, and the representativeness of single point measurements.
Recent sensor technology advances have allowed the development of a low-cost instrument system referred to as the mobile flux platform (MFP), described in detail by Crawford et al. [1990 . The system has been designed for high-fidelity flux measurement on any moving platform for which flow distortion is minimized. Heat, momentum, moisture, and CO 2 flux densities between the atmosphere and the sea surface were measured simultaneously from a shore-based tower and from MFP systems deployed on boat and aircraft platforms in a coastal region near the Florida Keys. The results illustrate the spatial and temporal complexity of the coastal marine environment and verified our mobile measurement procedures for marine applications. 
Tower Eddy Correlation Measurements
The sonic anemometer and CO2 sensor were mounted atop a 10-m tower that was located on land 15 m from the shoreline. The tower mounting system and sensors were carefully designed to minimize flow distortion. The signals from the flux instrumentation were interrogated at 20 Hz. The data were graphically displayed in real time for periodic visual inspection. All raw data were written to portable storage media for additional postprocessing. The computer and data storage devices were housed in an air-conditioned van during the experiment. Other standard meteorological measurements made at the tower included mean wind speed and direction, incoming solar radiation, air temperature, and relative humidity. These instruments were sampled at 1 Hz and averages were determined every 30 min.
Boat and Airplane Eddy Correlation Measurements
Eddy correlation measurement from a moving platform requires that the wind sensor velocity, Vp, be accurately measured and removed from the measured relative wind velocity, Va. Given these two velocity vectors in an Earthfixed coordinate system which is accurate from low to high frequencies, the ambient wind vector is obtained as The method for measuring Va relative to the sensors, while simultaneously minimizing flow disturbances caused by the platforms, is dictated by aerodynamics. For the low-speed boat a sonic anemometer was used. For the higher-speed airplane, a nine-hole pressure sphere gust and heat flux probe was developed . The probe design also allowed collocated static pressure and temperature sensors. This design places four static pressure ports directly on the sphere and permits temperature measurement within the central pressure port. The temperature measurement is thus in a region of controlled flow disturbance. Although both the airplane and the boat platforms were specifically selected to minimize flow distor- 
Evaluation of Motion Removal Techniques
As indicated by (2), wind measurement from a moving platform is conceptually simple. Further, collocating the accelerometers with the ¾a sensor simplifies the physics by centering the coordinate system at the ¾a sensor. This simplifies the mathematical framework and reduces measurement and processing demands, since tangential and centripetal accelerations are directly observed. Because sensor motion is directly measured, the nature and motion of the platform are of little consequence. However, the detail of calibrating, installing, and testing numerous sensors must be exact since the data reduction process uses many sensor inputs (9 to 10 for Up and 6 to 8 To test the data reduction software, a program was written to simulate rotation and translation about the platform's three axes. The simulation produced data such as would be observed with perfect instruments and data acquisition. 
Measurement of ApC02
Herein, ApCO2 is defined as the difference between the partial pressure of CO2 in the ocean (pCO2) and in the atmosphere. In the ocean, pCO 2 was measured directly by sampling equilibrated headspace air in a closed vessel that contained ocean water. (This technique was recommended by W. S. Broecker et al., personal communications, 1990.) The full implementation details are given by Womack and Crawford [1991] . In brief, ocean water was pumped from a depth of 30 cm to a constant flow equilibrating chamber while headspace air was recirculated. Dried atmospheric and equilibrated headspace air was alternately analyzed with a LI-COR model LI-6262 CO2/H20 analyzer on a 5-min cycle. The CO2 difference between the two air samples defines the ApCO2 to an accuracy better than +_0.2 ppm and with an equilibrium error of less than 1%. Equilibrator temperature differences were typically less than -+0.25øC, which resulted in less than a 1% correction to the ocean pCO 2 measurement. The H20 channel was used to confirm dryer performance and ensure no H20 vapor interference. The general design philosophy of the MFP system allows data sampling from the boat while it is anchored, drifting, or under way. However, the boat's slow cruise speed allowed observed spatial trends to be contaminated with temporal trends. Due to this space-time mixing, neither spatial nor time trends were faithfully represented when the boat was moving. For this reason, only data taken while the boat was anchored are presented here. In contrast, the fast moving Long-EZ easily resolved spatial variability. However, it was difficult to keep the airplane airborne long enough to observe time trends. As a result the boat and airplane were viewed as complementary tools, since both space and time trends are important.
The results and related discussion concern data collected during two separate experimental periods, the first lasting 24 [1982] for similar wind conditions. Although the boat was anchored over the reef and currents interacting with the reef were likely a factor, the boat and airplane data agreed well during both experiments, with both showing more shortterm variance in the flux data from the second experiment.
Spatial Variability of Fluxes
The driving potentials for heat, moisture, and CO2 exchange are the air-sea temperature and pCO 2 differences. Any spatial variance in these differences should correlate with the associated flux. The surface temperature (Figure   7a ), which also controls surface vapor pressure, was measured by an infrared surface temperature sensor on the aircraft. The most notable feature is the spatially sharp •4øC "hot spot" associated with the island and nearby shallow water during both experiments. Along the transect of June 16, Big Pine Key is about 1 km wide and is bordered by the Gulf to the north and the Atlantic to the south. The waterland-water transition is apparent. In addition, there is a small but persistent deep ocean temperature discontinuity at 17 km. An ocean current discontinuity, such as coastal upwelling, would be necessary to maintain this persistent temperature discontinuity.
The large, nearshore peak in sensible heat flux (Figure 7b ) is expected, considering the observed surface temperature. The 1-km covariance presented is necessary to resolve this sharp peak; it is acknowledged that a longer path-average is necessary to derive accurate flux estimates. Both the boat and the tower H measurements supported the spatial trend and agree in magnitude with the airplane-observed H.
The latent heat flux (Figure 7c ) showed more variance and less spatial variability than H. Spectral covariance analysis showed that relative to temperature, both H20 and CO2 were associated with more temporal variability. Although this explains the low flux variance, it raises an interesting question as to the source of the temporal variations for H20 and CO: exchange. With the exception of nonstationarity, it is unlikely the difference has an atmospheric basis. It is more likely related to the biological "patchiness" of the ocean in this biologically active region, or to the complex coastal currents. With respect to LE all three systems were in Figures 7f, 7•7, and 7h present the airplane-observed spatial variability from nearshore out to 40 km. The boat's observations, at its 13.5-km anchorage, are also plotted. Beyond 15 km, past the barrier reef location, the open ocean fluxes were spatially but not temporally invariant. However, near the reef and increasingly as the shore was approached, H and LE increased dramatically in response to the warming of the shallow water. Considering the boat's location over the discontinuity and the short covariance of the aircraft observations, the agreement between the boat and the aircraft system was satisfactory.
It is interesting that during the second experiment, H displayed more variance, as did the surface water temperature. Also, the H time trend followed the time trend in the surface temperature. The boat data were somewhat higher for LE relative to the airborne data, but this disagreement was not large, especially in light of the variance in both the observations and the boat' s anchorage over the temperature discontinuity.
During the second experiment, LE was about half of that observed during the first. Neither the wind speed, which was low on each day, nor the ocean surface temperature had significantly changed to explain this drop. However, the mixed layer depth (400 m) had decreased to less than half, and the relative humidity had increased from 61% to about 75%.
Tides, biological patchiness, and ocean upwelling are other important factors influencing not only the covariances but also the other aspects of the observations. For example, the large LE over the small island generated localized cumulus clouds. On June 19 (but not the 16) these clouds were observed along with a water vapor mixing ratio decrease of 10% along the 13.5-kin path from the boat anchorage to the key. This suggests a circulation cell allowing intrusion of dry air from aloft. The H20 vapor trend indicated that the cell boundary was also around the boat anchorage.
The complexity of tidal currents and ocean upwelling is indicated by the sharp discontinuity in surface temperature and the complexity in the time trend of observed ApCO2. During the sampling period the ApCO2 ranged from 10 to 18 ppm. This positive ApCO2 observation supports both the local boat and the aircraft flux measurements. Although the boat CO2 flux measurement appears low, it could be correct; the boat system measured a footprint which extended a few hundred meters upwind, and the airplane observed a lower CO2 flux just upwind of the boat.
CONCLUSION
Heat, water vapor, CO2, and momentum air-sea exchange rates were successfully measured from a boat, plane, and tower in a marine environment. The CO2 flux observed from the airplane agreed with the two other systems and showed the expected trends. Transfer velocities for CO2 from the boat system away from shore were of the order of 0.1 cm s -•. The temporal and spatial variability of CO2 flux was much larger than that of heat flux. The observed temporal and spatial variance illustrates that the coastal zone is not typical of the deep ocean. To understand the dynamics of exchange in the coastal environment will be difficult and will require cooperation between atmospheric and oceanic sci- 
